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ESEARCH on the microcirculation of peripheral nerves has recently been facilitated by the rapid development of new techniques and materials. While direct and vital microscopic methods are practical and valuable for studying the superficial microcirculation of accessible tissues and organs, perfusion with colored fluids, or with solidifying and radiopaque masses, is necessary for anatomical, physiological, and pharmacodynamic studies of the entire superficial and deep circulation of live animals, cadavers, or excised organs. Detailed information of this nature is as sparse for the peripheral nerve as it is for most organs.
The perfusion method allows selective filling of vascular sectors from arteries down to capillaries, and is capable of rendering geometric replicas of the microcirculation approximating the living status.
Other technical advances of the last decades that have been adapted and incorporated into the field of microeirculatory research encompass:
1. Perfusion apparatus, techniques, and media 2. Pictorial microvascular reproduction such as tridimensional maerophotog-raphy and photomicrography, color as well as black and white 3. Pictorial reproduction by stereoscopic macrophotography and microangiography and by x-ray microscopy. The techniques successfully applied in our investigations of the microcirculation of peripheral nerve during the last 5 years are, with minor modifications, equally applicable to most other microcirculatory beds. These techniques will be described here in some detail, since successful preparations require exacting work-up, and no comprehensive single source on techniques exists.
Successful perfusion with optimal filling and minimal incidence of artifacts requires control of the many variables influencing the quality of the perfusion; these include choice of perfusate, amount of injectate, pressure, flow rate, and duration. In most of our preparations Heparin and Xylocaine were added for anticoagulation and vasodilation respectively.* In some of the Colorpaque perfusions,r a detergent (Joy) was occasionally added in minute amounts as a wetting agent. The perfusion technique and work-up described has been used in current experiments on 100 rabbits, and, with minor modifications, in earlier experiments on 30 dogs and a small number of rhesus monkeys. 2 It can similarly be applied to other animals.
Materials and Methods
An adult rabbit of either sex is anesthetized by intravenous injection of sodium pentobarbital 30 mg/kg, and 0.5 mg atropine sulfate intramuscularly. After routine skin preparation, the ineisional area is infiltrated with 89 Xylocaine. Laparotomy is carried out through a 4-to 5-inch-long low midline incision. The intestines are tied back, retracted, and the lower abdominal aorta and vena cava dissected for 3 inches (Fig. 1 ) and intubated with a small polyethylene tube ; the vena cava is vented to prevent overfilling. The tube is secured by two ties, care being taken to preserve unobstructed reflux into the tube of the entrapped blood. Heparin, 5000 units in 89 cc of saline, to prevent clotting, and 1 cc Xylocaine 89 to produce vasodilatation, are then injected through the tube into the aorta.
A constant rate Harvard infusion pump with manometric pressure maintained between 120 and 140 mm Hg is used to infuse Microfil, or Colorpaque with 5% gelatin, into the aorta.* Before attaching the connecting tube from the filled syringe to the intubation tube containing Heparin and Xylocaine, the pump is started to remove all air by filling the tubing with perfusate. The time required for the perfusion is recorded. The progress of the colored perfusion mass is easily observed in the fine vessels of the exposed soft tissues and bladder. The perfusion is terminated when the return flow from the venous vent is essentially free of blood and the toenail matrix shows significant coloration. In rabbits the perfusion time for hindquarters varies between 20 to 30 minutes. The aorta and vena cava are then ligated, and the animal is killed with Beuthanasia.t The carcass is refrigerated, and after a few hours, when the perfusion mass is solidified, the hindquarters are amputated. Regardless of type of perfusate the hindquarters, immersed in 10% buffered formalin, are immediately returned to the refrigerator overnight. To avoid artifacts, skinning is delayed until the medium is completely solidified. In the chronic experiments that require surgical exposure of nerves shortly before perfusion, fixation can *Microfil manufactured by Canton Bio-Medical Products, Inc., P.O.B. 2017 Boulder, Colorado 80302. Gelatine Type 2136 manufactured by Kind and Knox Gelatine Company, Camden, New Jersey 08102. When using Colorpaque-gelatine, immediate fixation is started by adding 2 ml of 40% formaldehyde to 160 ml of the mass directly, before perfusion. In addition to fixing the nerve tissue, formalin combines chemically with gelatin, hastening its solidification and protecting the perfusate against moisture and temperature influences. Harvard Perfusion Pump, Model 975 made by Harvard Apparatus, 150 Dover Road, MiUis, Massachusetts 02054. tBeuthanasia made by Burns Pharmaceutical, Oakland, California 94621. Beuthanasia is a compound of which the chief constituents are sodium pentobarbituric acid and propylene glycol. be more quickly initiated by reopening the incompletely healed incision and instilling formalin directly about the nerves after perfusion, before immersing the hindquarters in formalin and refrigerating. The next day, after complete solidification of the perfusate, the hindquarters are skinned, and the sciatic nerves and any of their branches of interest are dissected out.
Because of the nerve's opacity, it is impossible at this stage to judge the completeness and quality of vascular filling by naked-eye inspection. We use a magnifying lens or a dissecting microscope for viewing the epineurial vessels and microvessels to ascertain completeness of filling.~ Poor filling of the superficial vessels is a fairly certain indication that the intraneurial filling will not be adequate and that the specimen may be discarded.
The well-filled specimens are mounted flat on cardboard to prevent cuffing, and are permanently fixed by immersion in 10% buffered formalin for at least 48 hours after which they are cleared in methyl salicylate, macrophotographed, and, optionally, photomicrographed and/or microangiographed.w Selected specimens are chosen for histological examination. One advantage of the perfusion method is that the same nerve specimen, after photomicrography and microangiography, can also be histologically :~It is also possible to directly observe vascular filling of the nerve, using microcoagulators for bleeding vessels during the dissection. However we do not use the direct method because it bears the risk of obscuring the nerve by leakage of medium from divided vessels and causing artifacts from manipulation during surgical exposure. w of cleared perfused nerves was done with a Brinkman close-up camera, Model 1200, made by Brinkman Instruments, Great Neck, New York 11020. Microangiograms were taken at the Research Laboratory of the Department of Radiology, Yale University School of Medicine, with a custom-built x-ray apparatus containing an 0.02 mm fine focal spot, beryllium window, copper target, and water-cooled anode. Fro. 2. Macrophotograph of right sciatic nerve of a rabbit in situ, perfused with Microfil and cleared in glycerin. This shows the superficial vasa nervorum (V and A) of the sciatic nerve (SC), the muscle bed (MU) in which the nerve glides, a motor nerve branch (N), and the mesoneurium (M). 14. examined and subjected to electron microscopy. However, where electron microscopy is planned, the nerves must be fixed in Glutaraldehyde instead of formalin. Figure 2 is a macrophotograph of a perfused sciatic nerve in situ. The clarity with which the microvascular network of the membranous animal mesoneurium (M) is delineated, revealing its anatomical structure and topographic relationship to nerve and muscle bed, demonstrates the unique advantages of the perfusion method. This is probably the first published photograph depicting an animal mesoneurium in situ. This diaphenous structure had escaped detection until the perfusion method revealed its presence and significance. 2,~ In Figs. 3 and 4 , a microangiogram, macrophotograph, and photomicrograph of the same segment of a nerve show the characteristics and quality of each technique in delineating microvascular detail. The pictures selected were those that provided the greatest similarity of detail. In other sets, the microangiograms frequently lacked many microvessels clearly visible in macrophotographs and photomicrographs; this fact limits the usefulness of microangiography mainly for over-all views of large segments of nerves or other tissues. Nevertheless, the use of several techniques is recommended. Artifacts, for example, are more easily detected when several techniques are used with each specimen. Close-up color slides provide complete, sharp, beautiful reproduction of microvascular detail. However, in the full-thickness perfused nerve, the abundance of superimposed microvessels with their multitude of anastomotic networks may at times make it difficult to follow the vascular arrangement, or the course of the particular vessel. This difficulty can usually be resolved by examining slices of the full-thickness nerve, by dual perfusion of arterial and venous components with contrasting colors, or by taking stereoscopic views.
Results
For the purpose of presentation and teaching, the clarity and aesthetic beauty of color macroslides are invaluable. For the study and recording of fine capillaries and any vascular anomalies such as obstruction, stenosis, dilation, and microaneurysm, microscopic observation and photomicrography are by far the best and most reliable methods. The choice of technique or combination of techniques, therefore, is closely related to the specific focus of the microvascular study. A preliminary experiment will reveal which technique results in the best reproduction.
Discussion

Per[usion and Per[usates
A variety of methods have been used to inject microvascular beds, ranging from a hand syringe, gravity flow, blow bottles, and Kidde tourniquet, to continuous flow or pulsatile motorized pumps. Hand syringes are rarely used any more because of the difficulty in controlling perfusion pressure?
To prevent bursting of capillaries, the perfusion pressure must be manometrically F~. 4 . Upper." Photomicrograph of Box A in Fig. 3 lower. The shallow depth of focus permits concentration on a few selected microvessels. X 400. Lower." Photomicrograph of Box B from Fig. 3 lower. In a relatively thin nerve, vessels of any layer can be brought separately into sharp focus. X 400. regulated near systolic levels for prograde arterial perfusion and, for rabbits, at about 20 mm Hg for prograde venous perfusion. Arterial and venous retrograde perfusion requires a slight increase of pressure above these values. If inspection, preferably with a dissecting microscope or lens magnification, shows bursting of capillaries, the perfusion must be stopped and the pressure reduced before continuing.
Masses containing gelatin are kept at 40 ~ C during the perfusion as are the excised organs or cadavers to be perfused. For dissecting and separating the vessels to be intubated, both straight and curved glass rods that have their ends melted into sharp or dull fine points, are less traumatic than the usual surgical instruments. Dissection must be done with care but also with dispatch, because prolonged or rough handling usually causes the vessel to contract, making the intubation more difficult. It is therefore preferable to dissect and intubate the aorta first, since venting the bigger vena cava is not difficult even if it is contracted. One frequently encounters a fine posterior branch of the aorta at the intubation site, usually hidden in areolar tissue, which should be clamped and ligated.
During perfusion the manometric pressure is observed constantly. Any sudden increase necessitates stopping or slowing the perfusion flow immediately and finding the cause, which may be kinking or obstruction in the tubing, clotting in the intubated vessel, inadvertent ligation due to downslippage of a tie, malfunction of venous venting, or premature solidification of the medium. If it becomes necessary to interrupt the flow, care must be taken that no air is introduced into the system. Correction of mechanical obstructions is usually possible only if the solidifying medium has sufficient working time, and, in this connection, Colorpaque has the advantage over Microfil of a longer working time. Occasionally when improper intubation is at fault, the insertion of a new intubation tube distal to the first arterial catheterization will save the specimen. Once the medium has started to solidify before the perfusion is completed, the experiment must be discarded.
Duration of perfusion is also a variable affecting its quality. Since the speed of flow at physiological pressure depends on peripheral resistance, the flow rate cannot be accelerated without causing a rise of peffusion pressure above physiological level. Evenness of flow is not an essential prerequisite for good filling, The average time for prograde arterial perfusion of a rabbit's hindquarters is 20 minutes, which can be extended to 45 minutes or 1 hour, if desired, by using Colorpaque-gelatin. Overfilling is unlikely to occur with a good venous vent. Perfusion time of less than 10 minutes is unlikely to produce optimal capillary filling. 3 If both color photomicrography and microangiography are to be used for the same specimen, a colored radiopaque medium is necessary. The two chemically different commercial masses, Colorpaque and Microfil, have proven very satisfactory. In Colorpaque, the radiopaque substance is a finely dispersed barium-sulfate with a particulate size of 1 /z, small enough to fill the fine capillaries. Colorpaque is available in contrasting photographically balanced colors that enable dual perfusion of the arterial and venous systems and differentiation of the two systems in cleared nerves. By using widely divergent concentrations of Colorpaque, for example, a 40% yellow solution in the arteries and a 60% blue solution in the veins, it is also possible to distinguish the two systems in microangiograms.
The vascular beds to be filled can be preselected by varying the viscosity of the perfusate. If only the macrovessels and arterioles are to be visualized, undiluted Colorpaque solution is used. Because of its high viscosity (550 centipoises), it will not pass beyond the arterioles. For capillary filling, a 50% aqueous solution is injected, approximately the viscosity of blood. To obtain more permanent microvascular preparations and to prevent reflux, 3 % to 5 % gelatin was added to all our Colorpaque masses. The addition of a small volume of 40% formaldehyde as a fixative immediately before perfusing with Chromopaque-gelatin also increases the resistance of the gelatin to moisture and temperature changes. Colorpaque, like all good peffusion media, is free of irritants that could cause vasospasm. The gelatin must likewise be inert.
Microfil is equally suitable for combined color photomicrography and microangiography of the microcirculation. It is available with and without a radiopaque substance (lead chromate). It solidifies more rapidly than Chromopaque, its maximum working time after addition of the catalyst being about 20 minutes. It has the advantage that it does not have to be heated to maintain fluidity, and it solidifies at room temperature after adding the catalyst. Its radiopacity can now also be varied by the addition of a diluent for differentiation of arterial and venous systems in microangiograms.
Roentgenographic Studies of the Microcirculation
Microvessels of peripheral nerves were demonstrated as early as 1920 by Chaumet, et al., 1 using ordinary x-ray equipment. Currently, microangiography uses diffraction-type x-ray apparatus emitting soft xrays, and containing a stationary watercooled anode tube with an ultrafine-to-fine focal spot (0.02 to 0.5 mm), a copper, chromium, or tungsten target, and beryllium window permitting better emission of longwave x-rays than does the ordinary glass type. The recent development of high resolution plates (Kodak)* with 2000 lines/mm permits reproduction of capillaries, and almost unlimited photographic enlargement. As some techniques with soft x-ray apparatus and maximal resolution plates require exposure times up to 1 89 hours, the nerves are wrapped in Saran wrap to prevent their drying out. The invention of the Nixon-Coslett x-ray projection microscope has opened up additional possibilities for investigating the finest details of microvessels and capillaries. W. Nobel and D. Black blood flow by microembolism, compression, etc., may occur with postmortem clotting due to omission of heparinization or failure to flush out the cadaver or excised organs with saline prior to perfusion. Insufficient perfusion mass, low perfusion pressure, too short duration, or rough handling of the cadaver before solidification of the mass, may also produce this type of artifact.
A second type of artifact, showing vasodilation or leakage, simulates microaneurysm, micropools, and true capillary tear, and may be caused by high perfusion pressure, excessive perfusate, failure of the venous vent, and, rarely, overheparinization. In cadaver or organ perfusion, capillary fragility may be minimized by using fresh or refrigerated cadavers. Leakage may also occur if improper dyes are used that are capable of penetrating capillary walls.
Conclusions
Perfusion with inert solidifying media like Microfil and Colorpaque carried out in live animals, and under light anesthesia, replicates the tridimensional architecture of the vascular and microvascular beds. This information, supplemented by correlation with histological observations and vital microscopy, yields a uniquely valuable constellation of data unobtainable by any other means.
